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The developectt o° eisrowave electronics equi sent during 
orld Far Ii reterved the orystal rectifier to a place of prosinense 
in the Cield of elesttrenaies. ‘There is at present -o c:eporent in 
the developsant stage tout will lessen the crystal rectifier's 

Many types of eryatal rectifiers rave beer developed in 
the vast ten years. sore toeee tee high aensitivity, low burnout 
I¥239 18 prevadly the wost widely uaed. Though aed primarily as 
a mimer orystal, it is also veel as a low-level cetector with geod 
reauits, Vowever, a search for spesifi: information in the Low-Level 
video sharacteristics revealed very Little useable in creation. 

In thia paper a summary of the ,~eneral theory of Low-level 
video crystals is given, fo.lorwed by the excerimentel detersziration 
of the low-level video charasteristies for the IN2}2 ervstal. The 
experisental results are sumaariszed, ani recomeendations as to the 
proper sse cf these erystala in voltage and power ae lificatien 


unite are riven. 
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OTLIES oF TASONY OF OATSTAL RECTIFTMAS 





jarrier-Layer featification ’rinejole (2, 27, amd O)s 

A typieal erystel rectifier unit ie show: in “igure 1. 
Figure 2 gives the conventional polarity of crystal cartridges. 

The unit depends fer its action en the electrics] onaracteristics 
of the semiconductor. 

A semiecndustor is a substance which offera low inpedance 
to the flew of current in one direstion and high iepedance te the 
flew of current in the oppowite direation. Rectification resulte 
from the presence, in the vsemicondueter adjacent to the setal 
whisker oontact, of a potential barrier or bill which current 
carriers, electrons or poles, aust overcome in crder to flow across 
the eetal~-sesiconductor junction. The low isgedance direction is 
that in whieh the carriers flow from the semiconductor to the seteal 
whisker. 

If a voltage is applied to the rectifier in the iow 
iapedance or forward direction it tends to reduce the potential 
barrier and thus lower the erystal impedance. If a voltaze ia 
applied in the reverse cirection it tends to inorease the barrier 
layer and thus inerease the impedance to current flew. A typical 


voltage-cerrent curve re@ulting from this action is shown in 


Ficure 3. 





® Paranthesized numbers refer to the didliograpnhy. 
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a3 4 Square-Law betestor (1, 2) 
Detecting devices depend for their operation on a none 
linearity of their voltage-current characteristics. A detector ia 
called a sqvare-law detector chen (te voltace-current characteristic 
at the operating point san be approximated by 2 parabola. 

The output of the aquare-lae detector «111 be composed of 





a deo component and an ae component proportional to the aquare of 
the input voltege for easn frequency somponent of the input plus 

the sum and difference frequencies of every possibis combination 

af frequencies in the input signal. The sagritude of the e-c 
aonponent in the output will De proportional to the sesond derivative 
of the characteristis curvws at the operating point. wZaexisun output 
will be ovtalned waen the operating point is the point of wexiau 
eurvature of the voltage-current characteristic curve. The operating 
point may be adjusted oy means of the bias voltage. 

The Equivalent Girevit (2, 5, end €) 

The generally accepted equivalent circuit of the crystal 
restifier ia shown in Figura |. Thie is the simplest possible forr 
and is based on the assumption that the whisker wakes single~point 
eontact with the silicon semiconductor. 

The carrier resistance & ia non-linear. It decreases 
with application of forward blas, en2 increases with raverse vias. 

The spreading resistance r is the resistance of the 
senisondustoresetal cortast, and ia saused by the constriction of 


Gurrert flow lines in the sexiconductor near the whisker oontact 
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FIGURE a - Eguivacen7 Criaewanien 


A Crysrat RECTIFIER 





FIGURE §.-VotTace GENERATOR ClecUuiT 


of A Woeo CRYSTAL 





point. if the eontect is considered to bs circular ({), r ie 


given by 
/ 


are (ates ) (1) 





f= 


were T is the seuiooniuctor conductivity im (cha-cm)~) and « 
ia the radiva of thw contact in centineters.> 

The non-linear barrier eapagitance © is a result of the 
storage of gharge in the soundary layer. The value of © at sero 
view is approximately 1p aicroeicroferad. lt i9 relatively 
independent of variations in applied weltege (21). At high 
freqvencies © acts an a by=pees to fF. AL video frequencies C 
playa no iuportent cart in the reetification phenomenon. 

then a orystal is operating a¢ a equare~law detector it 
ig gonventent to represent it as a four terminal network in which 
the video and glerewave tecuinals are considered isolated frea each 
other (7). Udace the elsrowave energy source is mot affected by the 
output loac, it ia pcasible to represent tne crystal as 2 voltage 
generator of output voltage &, propertional to the inoul sewer, and 
an iotersal reslatanes of A eck+r. This is show in Figere Se 
Uy and Dy are opviousiy bath functions of erystal dies, and tnue 
this valtage generator concept ia geod only for the clas specifled. 
Phe load ia aonnected as shoun in the figure. 





* See Apperntix C of (2) for the spreading realetance of an 
elliptical contact. (6) discusses tne knife edge contact of the 
Sritieh "ded Pot" erystal. 
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Pros Vigure k it is seen that the cutout impedance of 
the orystal ie 


Se? Ot a ee ohms ) (2) 
ah video freqummntas the tame be cent ompared to 4. . Thus 
the video impedance becoves & pure resistance and ia given by 


Zk, =R+r (ohma ) (3) 


The current sensitivity of a sryotal fe is defined as the 
ratio of the ahort cirsuit reetified current to the absorved 
uLerowave power, 

B 7 = (aie os ) 
P (aleronatt) 


Beringer (7), and Lawsen et al (14) have exown that the variation of 


(i) 





2B with Lies eay ve expressed as 


/ 
(3 = o ah al (5) 
le jertr 


where Kk, vr, and © are aa previovely defined, and Re {9 the current 





aensitivity at sero dias. 

The eryatal detector is a nolse generator as well aw a 
misrowave converter, leringer (7) has derived an exaression for 
the outout signal-to-nolse voltage ratio of a erystal~video receiver 


in which he defines a qeantity called the Figure of Merit, &. 
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The ovtout signal-to-nolee voltage ratio 18 given by 


bes P KB FP Fn (6) 


= 


4 VAATB(t+R,) 


Signal voltare cutout 

Estee voltage output 

Equivalent noise resistance of the reseiver, set by JAR 
specifications at 1,200 ohms. 

Boltsnann'sa sonstant, 1.36 x 10723 Joules /Ox 
Temperatere of *, in degrees Kelvin 

Koise cendwidth ef recviver in cpa. 

Orystal noise teeperature* 


oss 


eer 


Pros Equation 6 all the arystal parameters are lumped together by 


{nyer and called toe Figure of Berit, 


Ys _ Bex (7) 
\ Rt + Ke 


Smith (25) bas anown taat t ie aporoximately equal to 1.0 witrin 
the bies region seed in the following oxperizenta. The value of 
1.0 will be vaed toreughout the paper. 

rom Scuation 6 {t Ls seen that for a elven reseiver 
operating at a constent tesperature, ard for a specified signaletoe 
noise voitage output ratio, © is inversely proportional to P. 


I< | 
= 6 
D (8) 


= 





s @y definition t is the ratio of the available noise power output 
of the crystal to tiat of a resistor at room teuperature. Though 
{% is not & temperature, the term “noive tesperature” is comsonly 

accepted and widely weed. 
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il 
TEST EQUIPMENT 


In Figure 6 is shown a block diagram of the test 
equipment. 

The microwave generator is a calibrated output TS-13/Aa?, 
operated square-wave sodulated. 

fhe audio amplifier is a high gain, wide and narrow band 
TaAiwlLOTAs. I6 wae operated narrow band and amplified only the 
fundamental of the erystal output pulse. The inout transformer was 
py-pessed, and the output from the crystal loading circuit placed 
on the input gain control. Thie input circuit arrangesent cave an 
input impedance to the amplifier ef 9.5 megohmas. The 676 output 
rectifier tube was rexoved and the signal normally applied te its 
plate wae seasured by the fiewlett-Packard Yodel },00A voltmeter. 

In determiration of the Figure of Verit the TAA-16%A 
was replaced by a Ballantine volteeter Model 300 whose inout 
resistance is 0.5 wegohms. Also a Duvont Vodel 208-5 oscilloseope 
wes veed as an output indicator in place of the Hewlett-Packard 
voltmeter. 

The circuit uged to bias and load tre orystal is shown in 
detail in Figure 7. To keap noise pick-up to a minimum it was 
necessery to olace all somponents enclosed by the deahed line in 


Figure 7 marked chassis in a somoletely enclosed setal chassis. 





*« A ctreult diagras of this piece of equipment say be found in 
"Technique of Visrowave Measuresents", Kontgomery, ve traw-Hill 
Book Company, p 501. 
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ij 
The load rwsiatanse # had a ovlltetn shield anc was aomnected te 
the metal chasaie dy & coaxial cable. 8, was a non-inductively 
wound desade resistance box with a maxisue resistasce of 100,000 ohms. 
The slorowave power nas <-rried froe the T5-13/AP by seane of 
standerd 3 om. band waveguide t> a variable~tuned 3 cx band crystal 
holder mounted on the side of the olasing cirault chassise. The 
evbout terminal of the orystal bolder was inside the chassis. The 
effective sicrowave icout tersinals are shown by the diagonal lines 


in Figure 6. 





* For detailed drawri-g of eryatal holder see page 353 of (2). 
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TSET PAOCRUURE AND NESULTS 


Since it is pessible to represent the videe crystal as a 
voltage generator with an internal resistance, it is apparent that 
eaxiuun power transfer to the load resistance will oecw when , 
equals &, provided €, remaina constant. the deterzination of the 
variation of 1, with sower level and dias is based on tria eaxious 
power transfer principle. ‘Five erystals were chosen at random 
from the availacle susply 90 that a seesure of the variation to de 


expected from crystal to crystal sould ba detersined*. All oryatals 


were of fylvania design and manufacture. 





The first expericent wag desicned to deterzine the variation 
af R, with variation in the microwave power ingut to the erysteal. & 
bias current of 10 aicroseperes was put through the orystal and the 
load varied for a constant input power of 30dbm (decibels below a 
milliwatt). The outoyt voltaze shown on the Newleti-Packerd 
voltseter was recorded. The above procedure was repeated for Laput 
power leveis of Litiom and Lodbez. The reselts of all three power 
Levels are picttect ir Figure 7. 

To detera’ne fh, it is necessary to find that value ef Ry 
whigh sakse the power transferred to the lead @ wsaxizus. This is 


Gone Sy detereliaing the poirt at wiich @ line of constant vewer 














= For icentifivation purpeaes the erystals veed were assigned nuxbera, 
These neeoera apcesr on the eurvas throughout tra paver. 
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is tangent te he Jewired curve. the p int of tangenoy will ve 
at that value ef A, for welch the power in the leal is « raxiaum. 
A lime of sonatant power (¢ ahown in the figure for referones. The 
vortical sarks on @ach. cnve srow tne pointa of tangeecy. Ky, at 
this poiet 4s equal to Ry for tu bias current caed in the eaperiwaat. 

From Figure 0 it is seen that tha variation of erystal 
resistance is negitgibie for power dnpst between 0.03 end 1.9 
siorewatts (L5dom and J0dym). The remainder of the experiuents have 
bmen sevducted at the hGdba level acd the results ara considered 
valid for the antire -jcrowatt rezion ($0dom to 20dbm). 





The curves ar Figueas 9, 10 and 11 were stained fer vias 
eurrents of 0.0, 5.0 and 10.9 eioreamperas respectively by varying 
the orystal load resista:ce and recerding the cutpyt voltage ae 
read or the “Sowlett-Packard vilteeter et sonstent power irput. ty 
determining the point of temcency of the line of constant power, we 
ean ae before pet the value of f,. The points of tangercy are 
indicated by seort vertical lines on tow curves. The valve of R, 
is shown by vertioa) Lives near the bottom of the Pigures, the 
value being read om the PR, scale. 

A seeq-nd weara of detersinineg orystal resiotance~oied 
eharecteriaties is tra balvime cethod, If the open circeited 
veltage ef “icere 4S {a kore and hy ie acjuaeted to give an output 
valtage of one balf toe open eiranited voltage, application of 
Thevenin's Theores showa tat %, is equal to BL. ‘ouputations 
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This ralwisg sethe@ is 3 persent ani ia doe to ise input resistence 
of tne awplifier rot being infinity, cot 509,000 ohas. The results 
of this prosedure are tabulated in Table [. Vaing th's data the 
serves for erystals number 3 ant 5 ware plotted ara are a-ow in 
"§Sgure i2. 


Current Sensitivit 





a, = /3 - (9) 


Refering to Figure 5, 1% is seen that, 


£., = 7 a VY (10) 


if Ry le set equal to zaro im Figure 5, then, 


- _ a (LL) 
Ws Be 


Lqvating Equations 9 and 11, and aebstitutirg iquation 10 for 
Sy Rives, 


(B= as eo VA (12) 


If 2, ie wet equal to Ri» then 


aE) w 


ve ang ®, Sor the comdition that A) equel By, are given 
in Table I. “sing this data atl ‘gation 13, the eurves in Figure 13 
were plotted. Since 4, is not a fuhetion of power Llev#l in the 
alerowatt rezien the corstart (5) acts only ag a Linear seale 
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Crystal ovtout voltege wes investigated in three pennera: 
1) dy the variation of the blas curre:? with the loed as a paraseter, 
2?) by the variation cf Stas with the power inpat to the crystal as 
a pareneter, the load being bept azestent at 7,0°9 ohus, 3) oy the 
variation of the power input with the blag being tebon a « paraueter. 





The results of these teats are shown in Figures 1), 15, 16 and 17. | 
Variation of erystal output voltace for different orystale 


was deotersined aa a function of bias. Tue raeuits are shown in ) 





Tre data civen in Table 1 is for the eondition of seaniaw 

power tranafer from tus orystal t- thea lead. Yroe tote Sata (n,)? 
R,, 

was caleovlated ani tre resuitice saxitews sower Cracafer curve Le 

shows in Figure 19. 

Figure of Werks 

Two eatcods wero wad to deteraine the variation of ¥ 
With Diag. The firat was by @ubstitutiog ivtc Mquation 7, the date 
avaiiabie in Tavle anc “igure 13. The results are given in 
Figure 20. 

The gagend esthos was by experizentation cased on the 
fact that Tor «a given aignal-te-noise voltage cutpet ratio thw 
Figure of Werit le inversely croportianal to the power inget te bhe 
eryetal (See Equation 6), To deternine U the bias current was 


adjwated to the desired valve ani the power cubeut of the TS—134P 
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decreased until a sigeal-teencise voltage output ratio of 1 was 
observed on the oscilloscope, The inverse of this power is Ki. 
The procedure wae repeated for dias aurrents from sero to 100.0 
sicreanperea. The reauits are plotted in Figure 71. 
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Figure & shows that the variation of cryatal resistance 
ie nogligivie for power isnut between 9.0) and 1.9 sicrowatte 
(LSdmm to $0dom). The resuits are sonsidered to oe valid within the 
eicrowatt region (S0dbe to 20dbm). 

Figeres 9, LO, ll and 12 give the variation of eryetal 
resistence with bias. At 10 sicroamverea te value of the resietance 
potained is avout 3,909 ohms, and the results given by the two 
ailferent methods are in sced agreesent, Crystal resistence 
daternined by tne two sethods ef 0.9 and 5.0 sicrsamperes bias 


aurrent are oot in agreesent as is shown by the average values given 


below, 
Bias “urrent O.¢ 6.0 
(=icroasperes ) 
Cryetel restates 15,090 G,300 (obee) 


(acrstant—powar-line rathod) 
Crystal resistence 10,090 4,890 (otma) 
(halving setood) 

The eornstant-power-Live-tangmnt aettod is balleved te give 
sore accur-te results. dn os q the halview emtea, no al lowanee 
was umle for the loorease in tom SO cycle -olae voltage develoved 
by the orystel ith tne dearease ‘in vias below 10 #) cream crea, 

Above 10.0 riorsasseree tha 60 cysle noise voltage was regligible. 


Selow thi# value the increese was of the sase order of sagnitude aa 
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that of tee ievrease 45 orystal rasistansce. It is sellieved that 
this 60 syxle noise yveitage increase la a aryatal phe onenon 
caused by the oresence in the srystal holder of 60 aycle sagretis 
fields. Spieldire of the eq ipment gave no notiseacle shanee in 
the effect. 

The shape of the surve in Pigure 12 angseats «a vower-law 
variation of #, as a function of Silas. The nature of thie variation 
la clearly seen by plotting thea surves of Sigure 12 on lov—log 
paper as has been done in Figure 22. since toe slope of the survwas 


iz a constant a-ove 19.0 rieroanperes, 


AClog Kx) __ 4 (1h) 
D(log ZT) 


Taking the limit as : 


PAal Edin (15) 
a(1eg, I ) 


Converting ‘quation 15 to natural logaritiws and integrating, 


whi Fre oa 


and 


a. 
Ka = = Ee. (17) 


Selow 10.0 misroamperes »law current tre exponent a is not a 


sonatant but is a funmetion cf the bias and Aquation 17 takes the form 


pe fa] (18) 
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37 
From tqvation LE the aryatal voltage-surrent characteristic 
equation way be written as 
Cl- a) _ | 
at = Sj (29) 


weere the exvonert a ig co-cdiant avowe 10.0 edeorceeperss bias 


current aed a fonction of the Sias belew tris valve. 





Figure 13 shows that the curves of serrent sensitivity 
as a furetion of bias current of 18235 erystale are saradelis in 
shape. Yor aanditions studied, tre -axiaux is reaihed for a bias 


currect of about 60.0 aicroemperes. This reselt is in agreasent 


with data taken on othar types of crystals by Seyerhor, erin and 
Yough (21). 





Grystal voltage ovtyet is a Conmsiion ef the loas and 
the olas av the ree its of Figures 1h, 15, lo end 1? show. 

From figure 1k it is seen teat as the load is increased 
the voltage outout inereases ami the » int of saximue voltage 
output woves toward sero bias. ine losus of saginuy voltage ovtput 
4g shown in the figures. Fron this it is posaidle to interpolate 
the optimus *ias conditions for the icad ict» rnith a crystal is 
operating. 

figures 15 and 16 show teat the crystal voltage ovtpet 
varies eritisaliy in tre regative bias region. <A point of zere 
outpyt is seen to exist at approximately minus 9.95 aicroamperes 


vias surrent. Th:a eere output point is seen to be near the point 
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38 
of inflection of the d=a characterilatis aurve civan in Pigure 3, an 
expanded view of (be cegative balf of tne aurve ceing given in “igure 
23. Tlese inspection of Figure. 23 showa Uhe inflection point te be 
at approximately «inva 1.0 aicroaaperes, 

In Pigere 17 the elope of the curves show tbat 18238 
orystals ara very nearly square-law reatifiers with’ the region 
vested. For the 2,000 ohs lead used the saxisum voltare output 
gandition ‘s show: to be at 30 sicroasperes Dias current. The 2,00 
ons lead aurve in Figures 1h and 2h show a maximum at approx$mately 
this sane Olas evrrent. 

To feteraine the validity cf * e avore data for ume with 
wide band euyliffere the TAA-1GZ8 was ceplaced by a Ballantine 
voltmeter an¢ desade amplifier, which hai a band pasa of from 30 eps to 
300 haps, end the information cresented in Figure 1 was repeated for 
thia wide vand case. Troe results ara shown in Figure 7h. Comparison 
of Figures 1h ant 2h show that the results ef the wide ant nerrow 
barwi cases are in agreenent. The iinear ssale factor between the 
ordinates <f tae two seta of curves 3s dwe to tne differenve in 
avolifier gain. 

From the above dignuseien it is aeen that if the erystal 
output ie to be voltace arplifisd, narrow or wide band, it ia 
neceqsary trat the erystal lead ce as large a8 peasibie, ana that 
the bias ce very seer or equal to zero, If 1t is neceseury bo 
operate a erystal into a voltage awolifier whose input resistance 
is below 50,000 ohms it is advantayeous to blas the crystal. 
interpolation «f the zeximuz voltage cutpnt curve in Fi¢cures LL and 


2h gives the nesegasry o‘as for the loatl te © usted «ith toe orystal. 
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Kaxinus outovt power ia a funation of the cryutal otas 
ag is shown in Figura 19. ‘The saxinua ootput vowar bias condition 
for all eryatale tested is in tie recien of 30 xicroamperes otas 
current. It is of interest to note tuat at tris olas to crystal 
will be operating at a near macinum signai-to-nolse voltage output 
ratio aa will se shown in the next aection. the slope of the 
power output curves Delew 2) sieroamperes indicates that control 
of the bias is necessary. 

There is a wide discrepancy in tre Figure of Merit as 
deterainal by the two =¢toeds, gompetation frea narrow sand date 
and axperiaentaily for the wide bani casa, 

From the rarrow bami Figwre of Merit curver ("igure 20) 
it ls seen that vest seperation is to be edtained at avout 20 
eiloroasyeres bia cerrent. this is reasonable since the current 
gensitivity curves syow a @imilar inerease. Jt ts to ne pointed 
out that there say have oceen present the effest of tas £0 sysle 
nolee velteags below 10 sisarscas eres wnish could aecount for the 
large Grap in % in tois region. 

In taking the data for Figure 21, care war taken te 
insure that the noise observed wan not tiat due to GO syeles. The 
oS aysle noise voltace was nullified a gucerlmposiny the crystel 
output signal en the 69 cyole noise output and reading the superimposed 


signal-to-noise ratio. Though the sero diag eondition shows 42 bigh 
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h2 
Figure of Verit the erystal showld not be overated at tris point | 
unless the amplification vnit is capable of rejesting the 4 cyele 
neise sowporant and all its harmonics. 

If the 60 cycle noise voltage can be eliminated then 
crystal rectifiers can be operated at sero biae in gonfenetion 
with voltage amplifiers to give excellent sizgnal-to-nolao voltage 
cutout sharauteristics. “owever, if tha 60 cycle noies voltage 
aan not be rejected in some manner then the crystal anould be 
operated at adsut 30 eicroazperss bias current for beat signal- 


toe-ncise voltage cutout ratic. 
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unit it feeds daturmines the vias aft which the crystal ghould be 
operated. 

The data compiled in this papor is believed to be 
sofficiently eesurate for uae in design of unite uaing 10235 
erystals as low-level detectors. 

Further work ia indicated to determine the cause and 
effert of the 60 eysla noise voltaze developed ty the crystal in 
the sero to 10 wfercanpere bias region. 
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